Abstract. Iceland has extremely active dust sources that result in large-scale emissions and deposition on land and at sea. The dust has a volcanogenic origin of basaltic composition with about 10 % Fe content. We used two independent methods to quantify dust emission from Iceland and dust deposition at sea. Firstly, the aerial extent (map) of deposition on land was extended to ocean areas around Iceland. Secondly, surveys of the number of dust events over the past decades and calculations of emissions and sea deposition for the dust storms were made. The results show that total emissions range from 30.5 (dust-event-based calculation) to 40.1 million t yr −1 (map calculation), which places Iceland among the most active dust sources on Earth. Ocean deposition ranges between 5.5 (dust event calculations) and 13.8 million tons (map calculation). Calculated iron deposition from Icelandic dust ranges between 0.567 and 1.4 million tons, which are distributed over wide areas (> 370 000 km 2 ) and consist of fine reactive volcanic materials. The paper provides the first quantitative estimate of total dust emissions and oceanic deposition from Iceland. Iron is a limiting nutrient for primary production in the oceans around Iceland, and the dust is likely to affect Fe levels in Icelandic ocean waters.
Introduction
Dust emissions from barren areas have pronounced influences on Earth's terrestrial and oceanic ecosystems, the atmosphere, climate and human health (Field et al., 2010; Ayris and Delmelle, 2012a) . Global estimates of mean annual dust emissions range from 500 to 5000 million tons per year, with most estimates between 1000 and 2000 million tons, but the global oceans are commonly estimated to receive 300-500 million tons (reviewed by Engelstaedter et al., 2006) . Dust production is mainly attributed to unstable barren areas in dry climates, with northern Africa being the largest contributor of dust to the atmosphere (Engelstaedter et al., 2006) . Other commonly cited dust sources include Mongolia (e.g., Natsagdorj et al., 2003) , the Aral Sea basin (Singer et al., 2003) , the Middle East (Jamalizadeh et al., 2008) , Australia (Ekström et al., 2004; Leys et al., 2011) and the southern USA (e.g., Sweeney et al., 2011) . However, dust emissions from the Arctic and Antarctic have received increased attention (Arnalds, 2010; Bullard, 2013; Gillies et al., 2013; Muhs et al., 2013) . Research shows frequent dust storms in South Iceland moving into the North Atlantic Ocean (Arnalds and Metúsalemsson, 2004; and into the Arctic from Northeast Iceland (Dagsson-Waldhauserova et al., 2013a) , and it has been suggested that Iceland is among the world's most active dust sources (Arnalds, 2010; Blechschmidt et al., 2012; Bullard, 2013) .
Volcanic eruptions have recently become a focus of attention due to possible global nutrient additions to the oceans, including significant iron inputs that are potentially important for primary production (e.g., Duggen et al., 2010; Olgun et al., 2011; Ayris and Delmelle, 2012a) . measured significantly elevated iron levels south of Iceland during the 2010 Eyjafjallajökull eruption. Volcanic ash is commonly subjected to intense aeolian redistribution (see Arnalds, 2010 Arnalds, , 2013 Ayris and Delmelle, 2012a;  Figure 1. Location of major plume areas in Iceland shown as circles. These plume areas were defined by Arnalds (2010) as areas of excessive frequency of dust events (hence low threshold velocities). Dust was carried vast distances, and the areas are easily identified by scanning and monitoring MODIS images for several years. Sandy areas with unstable surfaces, which also become dust sources during high-intensity winds, are shown as red (very unstable) and orange (unstable) . Glaciers are shown as white. The map is based on the Agricultural University of Iceland land cover database. Bullard, 2013) , as was witnessed after the 2010 Eyjafjallajökull eruption (Thorsteinsson et al., 2012) . Furthermore, some glaciogenic Arctic dust sources are composed of ironrich volcanic deposits, such as in Iceland (Baratoux et al., 2011; Dagsson-Waldhauserova et al., 2013b) and some parts of Alaska (Muhs et al., 2013) . In Iceland, these aeolian materials are primarily poorly crystallized basaltic materials (glass) containing high quantities of iron, which can have a substantial impact on the ocean chemistry and fertility. The iron from dust has pronounced effects on the global carbon cycle and atmospheric CO 2 Mahowald et al., 2005; Misumi et al., 2014) . Schulz et al. (2012) noted that little is known about the mechanics and quantities of dust deposition in the oceans, with large uncertainties regarding the iron contents available for marine phytoplankton.
In spite of the importance for the oceanic nutrient cycles, little is known about how much volcanic material is blown to the oceans around Iceland. Here, we present the first quantitative estimate of the total dust emissions from Iceland and the first quantitative estimate of aeolian redistribution of the volcanic materials and iron to the ocean areas from Iceland. These estimates are based on: (i) the number of dust events generated from weather records over several decades throughout Iceland; (ii) numerical calculations of selected dust storms; (iii) the modification and extension of established sedimentation rates on land to oceanic areas.
Setting: the Icelandic dust sources
Iceland is a volcanic island on the active Mid-Atlantic Ridge, with about 30 active volcanic systems and volcanic eruptions occurring every 3-5 yr on average (Thordarson and Höskuldsson, 2008) . About 10 % of the country is covered with glaciers, including the 8100 km 2 Vatnajökull (Fig. 1) . Many active volcanoes are located under the glaciers, including the Katla volcanic system under Mýrdalsjökull, and the Grímsvötn and Bárdarbunga systems under Vatnajökull (Fig. 1) . The sand fields are flooded during warm summer days, charging the surface with silty materials (lighter colored areas, deposited from higher water flow the previous day or days). Some of the channels dry out as the water percolates into the surface, with the sediment loads being left on the surface. The coarser materials are left on the ground after wind erosion events (saltation, the darker materials). The water channels change frequently. Dust storms are extremely common within this area during summer (often daily), but less frequent during winter when this highland area is usually covered with snow. Photo from July 2012 (Photo: O. Arnalds).
Biogeosciences
Glacial rivers bring heavy sediment loads, creating extensive glaciofluvial outwash plains in many areas. These plains are often flooded during the summer melt, leaving sediments on the surfaces that are extremely vulnerable to redistribution by wind (Fig. 2) . Many of these areas have been identified as major dust plume sources or dust hotspots (Arnalds, 2010) . The sandy deserts of Iceland are, however, much larger than these main dust plume sources, about 15 000 km 2 in all, and most of these areas can emit dust during the highest-intensity dry winds (see Arnalds, 2010) . In addition to plume areas (hot spots) and the sandy areas in general, there can be periods of dust generation after the deposition of ash from volcanic eruptions on poorly vegetated and barren land, as witnessed after the 2010 Eyjafjallajökull and 2011 Grímsvötn eruptions (Leadbetter et al., 2012; Arnalds et al., 2013) . Furthermore, fluvial outburst events associated with eruptions under glaciers can leave unstable sediments that result in frequent dust events .
Most dust emission events in NE Iceland are driven by low sea level pressure (SLP) west of Iceland (and/or high SLP east of Iceland), which leads to warm geostrophic southerly winds. Dust events in S Iceland are generally linked to reserved east-west SLP which turns into cold geostrophic Arctic winds (Björnsson and Jonsson, 2003; Dagsson-Waldhauserova et al., 2013a, b) .
Methods

Dust event frequency
Visibility is an important indicator of dust event severity where dust concentration measurements are not available. The long-term frequency of atmospheric dust observations has been investigated in detail for NE Iceland (DagssonWaldhauserova et al., 2013a) and for the southern part of Iceland (Dagsson-Waldhauserova et al., 2013c ) based on present weather observations at 8 weather stations in NE Iceland, 15 stations in S Iceland and 7 stations in NW Iceland. A dust day was defined as a day when at least one station made at least one dust observation. For this study, we included synoptic codes 04-06 for "Visibility reduced by volcanic ashes", "Dust haze" and "Widespread dust in suspension in the air" in the criteria for dust observation (see Dagsson-Waldhauserova et al., 2013a for details). The most frequent were dust observations of "Suspended" and "Moderate suspended" dust (NE 73 %; S 52 %), with a visibility of 10-70 km, "Severe" and "Moderate haze" (NE 23 %; S 42 %), with a visibility of 1-10 km, and "Severe" and "Moderate" dust storm (NE 4 %; S 6 %), with a visibility of less than 1 km. The total number of dust days in Iceland, based on averages presented elsewhere (Dagsson-Waldhauserova et al., 2013a, b) , is 135 dust days per year on average in Iceland in 1949-2011. About 34 dust days were observed annually in NE Iceland and about 101 dust days annually in the southern part of Iceland. The storms were divided into three categories based on visibility categories of weather observations (see Dagsson-Waldhauserova et al., 2013a) .
Calculated dust storm emissions and transport to oceanic areas
The estimation of dust transport was based on several sources of atmospheric data. A similar methodology has been used to calculate emissions from single storms by Leys et al. (2011) . The concentration of dust is based on: (i) the observed visibility at manned weather stations; (ii) the horizontal extension of the dust plumes; and (iii) the repetitiveness of the visibility observations, confirmed by comparing MODIS images of the storms to other typical storms captured by MODIS. The winds in the atmospheric boundary layer were estimated from ground-based and upper-air observations as well as numerical simulation, and the thickness of the boundary layer was estimated from the upper-air observations and numerical simulations. The upper-air observations are made at 00:00 and 12:00 UTC at Keflavik, SW Iceland, and Egilsstaðir, E Iceland. The numerical model, Harmonie (based on Arome model; see Seity et al. (2011) ) was run with subgrid 1-D turbulence scheme based on Cuxart et al. (2000) , with a horizontal resolution of 2.5 km. The simulations are based on initial and boundary conditions from the operational suite of the ECMWF. The numerical simulations are only used to Table 1 . Calculation of four storms based on visibility determined at weather stations and wind data for each storm, using equations from D'Almeida (1986) and Wang et al. (2008) converting visibility into PM 10 concentrations (factor −1.418); see also Dagsson-Waldhauserova et al. (2013) . Total emissions calculated by formula given by Leys et al. (2011) and the deposition curve presented in Fig. 4 , which reflects drop in concentration. All storms occurred at the Dyngjusandur dust source in NE Iceland. The column "Distance from source" indicates the location of the calculated window through which materials in the last column are transported. "Emissions through window" means how much material is transported through the window (e.g., to the sea). estimate the height of the atmospheric boundary layer and the winds inside the boundary layer. Four dust storms originating at the Dyngjusandur major dust source north of Vatnajökull ( Fig. 1) were selected for the estimation of the total transport of suspended dust. The average duration of the dust storms was 17.3 h. In all four storms, the visibility in the dust plume was observed and recorded, and the vertical, horizontal and temporal extension of the plume was estimated from the available data. For a 1-2 km thick convective boundary layer the dust can be expected to be quite well mixed vertically after the advection of about 100 km in 1-2 h. The sea front is located at 200 km from the dust source in NE Iceland and 140 km in E Iceland, but the window was calculated as being about 90 km in a northeasterly direction (three storms) and 155 in an easterly direction (one storm), which is determined by the location of weather stations. The boundary-layer winds are typically 15-23 m s −1 , and the height of the boundary layer is on the order of 1-2 km. This may sound low, but it should be kept in mind that dust storms occur typically in stable stratified flow and that there is limited heating from the ground due to little solar radiation in Iceland and the short advection time of the air mass over land. The calculated total amount of emitted materials was calculated as
where C is the dust concentration estimated from visibility, U is the boundary-layer mean wind speed, Z i is the height of the boundary layer, L is the width of the plume where the visibility is observed and T is the duration of the storm. The resulting total amount ranged from 215 000 to 384 000 tons. Materials transported as dust through the calculated window ranged from 75 000-160 000 tons in each storm (Table 1) .
GIS-based dust deposition distribution
An aeolian deposition map for Iceland was presented by Arnalds in 2010. The map is based on soil metadata showing thicknesses between tephra layers (volcanic ash) of known age, main dry wind directions from each major dust source and landscape parameters downwind from the sources. This deposition illustrated on the map has a close relationship with iron content measured in mosses, which is primarily wind deposited (data and map published by Magnússon, 2013) , and with the fertility of ecosystems, as reflected in bird abundance (Gunnarsson et al., 2014) , but also with many basic soil parameters such as pH, organic content and clay formation (Arnalds, 2008 (Arnalds, , 2010 . We have extended the map to oceanic areas and included categories for very low deposition furthest away and extreme deposition closest to the aeolian sources. The map (Fig. 3 ) now shows six broad categories of deposition in g m −2 yr −1 : (i) very low, 1-15 (added to the previous map of Arnalds, 2010); (ii) low, 10-50; (iii) medium, 25-100; (iv) high, 75-250; (v) very high, 250-500 g m −2 yr −1 and (vi) extreme, 500-800 g m −2 yr −1 (added to the previous map). Note that the deposition range for each class overlaps with the next. The highest class (extreme) is expected to receive > 800 g m −2 yr −1 at some landscape positions. Mean deposition on glaciers was estimated at 400 g m −2 yr −1 based on the deposition map. The aerial distribution of the deposition classes over the sea is in part based on a number of satellite images (MODIS; Aqua and Terra) taken over the past decade. These images show plumes extending several hundred kilometers south into the Atlantic Ocean and northeast into the Arctic Ocean. The major extension to the south reflects the presence of three major dust plume areas on the south coast (Landeyjasandur, Mýrdalssandur and Skeidarársandur; see Arnalds, 2010) , which emit frequent and often major dust storms with NE dry winds. These events have repeatedly been captured by MODIS satellite images. We expect that most of the dust settles relatively close to the source, with a logarithmic drop in sedimentation with distance from the source (Fig. 4) .
Iron content of the dust materials
The chemical composition of the major sand sources can be determined from published materials. The common range for iron in Icelandic volcanic rocks is 6.5 to 12.5 % with an average about 9.4 %, judging from review data presented by Figure 3. Average distribution of aeolian sediments and volcanic ash around Iceland. Deposition is split into six categories (see map legend) and is an extension of previously published map for terrestrial Iceland (Arnalds, 2010) . Extension to sea is partly based on satellite images showing dust storm events. Main extension is to the south from the southern Iceland dust plume areas and to the northeast, mainly from the Dyngjusandur dust plume source (see Sect. 3.3). Jakobsson et al. (2008) (andesite and basalts). The Dyngju- sandur plume source, the primary dust source in NE Iceland, has 9.4 % Fe content, made of volcanic glass (Baratoux et al., 2011) . The Hagavatn plume source has a similar iron content but is made of more crystalline basalt grains (Baratoux et al., 2011) . Óladóttir et al. (2011) reported slightly lower Fe content in tephra for volcanic systems under Vatnajökull (Bárdarbunga and Grímsvötn), i.e., 9.2 %, based on a large number of determinations. Tephra from the Katla volcanic system under Mýrdalsjökull has similar but slightly higher Fe contents, mostly 10-11 % (Óladóttir et al., 2008) . The Katla, Grímsvötn systems are responsible for the majority of dust going south from Iceland, which is the majority of the Icelandic oceanic dust. Thus, in this paper we have selected the average of 10 % Fe in volcanic dust from Iceland. 
O. Arnalds et al.: Quantification of iron-rich volcanogenic dust emissions and deposition
Dust quantities based on frequency and calculated emissions
We found that there are 135 dust storm events that occur on average in Iceland each year. However, some storms go unnoticed by weather stations (northerly winds at the Landeyjasandur, Mýrdalssandur and Skeidarársandur and more southeasterly dust sources). The total emissions derived are 30.5 million tons per year over land and sea. The majority is deposited on land (25 million tons), while 5.6 million tons are deposited over the sea, mostly from the south shore (Table 2). The emissions per medium storm are about 300 000 tons per storm according to these calculations, but "minor" storms of about 100 000 tons emissions are most frequent (75.6 annually). The major storm is estimated to give 1 million tons per event, which we consider a conservative estimate, but these storms are relatively infrequent. The path of dust over land is much longer in NE Iceland, i.e., 130-150 km from the Dyngjusandur source but shorter from other sandy areas. More is therefore deposited over land in NE Iceland, and we estimate that only 10 % of dust emitted from NE Iceland reaches the oceans, based on the calculations presented in Sect. 3.2, which gave transport through a window at 90-155 km distance as being on the order of 75 000-160 000 tons in each storm (see Table 1 ). This drop in deposition rates with distance from the source is supported by the drop indicated by the deposition map (see graph in Fig. 4 above) , but it is a conservative estimate of the proportion of dust materials reaching the sea in NE Iceland considering dust storm calculations presented in Table 1 . Many of the major dust sources of South Iceland are located close to the shoreline (Fig. 1) , and we estimate that 50 % of the dust emissions reach oceanic areas, which we consider a conservative estimate.
Total deposition on land and sea based on the GIS deposition map
The results from the calculations of dust deposition on land and oceans around Iceland are presented in Table 3 . There is a logarithmic drop in deposition with distance from the source. We used the lower 25 % percentile for deposition within each range, reflecting the logarithmic drop and the aerial increase in size of each category with increasing distance from the sources. The results show that about 40.1 million tons are deposited annually on land, glaciers and sea. This number compares to the 30.5 million tons of total emissions calculated from storm frequency and dust intensity. These results for the total emissions (40.1 vs. 30.5 million tons) are relatively comparable and provide the first estimate of total dust emissions from Icelandic dust sources. About 14 million tons are deposited on about 370 000 km 2 ocean area according to the GIS deposition map, but about 26 million tons on about 103 000 km 2 on land (including glaciers). These map-based deposition values for land and glaciers (26 million tons) are very comparable to the 25 million tons calculated from the number and the severity of storms for land. However, the map calculations indicate a higher (14 million tons) deposition to oceans than the storm calculation method (5.5 million tons).
Oceanic iron deposition from Iceland
The values obtained from the calculations of emissions on the one hand (Sect. 3.1) and deposition based on the GIS map (Sect. 3.2.) on the other give a range for probable rates of deposition to the oceans: 5.5-13.8 million tons. Using these numbers, it can be inferred that the total iron deposition to the oceans (about 1/10 of the weight) is about 0.5-1.4 million tons in total per year (Table 3) . The Fe sediment rates vary immensely from 0.1 to 0.5 g m −2 yr −1 for areas far from Iceland to > 13 g m −2 yr −1 close to the southern shore. The last column in Table 3 shows an estimate of bioavailable Fe based on evidence presented by Achterberg et al. (2013) after the 2010 Eyjafjallajökull eruption (see Discussion). The bioavailable iron ranges from 0.02-0.1 mg m −2 yr −1 far from the sources to 2.8-10 mg m −2 yr −1 closest to the sources in South Iceland. Maximum numbers of > 50 mg m −2 yr −1 can be expected in localized areas.
Discussion
Total dust emissions from Iceland
Our research indicates that total emissions of dust from Icelandic dust sources are in the range of 30-40 million tons annually, with the majority of the sediments deposited on land. The two values at each end of this range are obtained by independent methods but are, however, in relatively good agreement. The deposition rates used for obtaining the total emissions from the GIS map are in good agreement with local and regional deposition values reviewed by Lawrence and Neff (2009) , especially close to the sources. More uncertainties exist in the values far from the sources, with deposition rates as low as 1 g m −2 yr −1 and with a large areal extent. Judging from the difference between the calculated deposition (from the number of events and their severity) and extending the aeolian deposition map, it is likely that deposition on distant sources is somewhat overestimated. Data for deposits on land acquired for the construction of the deposition map are also less reliable for those areas (thin deposits and fewer ash-layer markers).
There are several uncertainties associated with quantifying each of the storms and the amount carried to sea. Horizontal extension of the windstorms and their duration is estimated to be on the order of 10-20 %, while the uncertainty of the concentration estimated from horizontal visibility as well as the vertical extension of the dust plumes is estimated to be 30-50 %. The uncertainty of the concentration is twofold. Primarily, it is related to uncertainty in the manual estimation of the visibility and how well it represents the entire dust plume. Secondly, observations may deviate from the present cases in terms of particle size distribution and optical properties, which are not known and presumably variable to some extent, even from case to case in Iceland. In short, the error in the estimation of the dust transport for each individual case must be considered to be as high as 50-100 %. Furthermore, the uncertainty in the estimate of how much of emitted materials reaches the sea is unknown. Yet the relatively similar quantities derived for the total emissions and sea emissions compared to values obtained from the deposition maps show that these estimates are adequate as first approximations.
The dust emissions in Iceland presented here (31-40 million tons) are on the order of 0.6-7.2 % of the total estimate for global dust emissions of 500-5000 million tons given in a review by Engelstaedter et al. (2006) . They noted that North Africa is by far the largest source of dust with 170-1600 million tons; our numbers are 1.9-21 % of these estimates of North African dust.
The total oceanic deposition from Iceland ranges between 5.5 and 14 million tons annually, according our results. Engelstaedter et al. (2006) reviewed estimates of mean annual dust depositions to the oceans, which range between 314 and 910 million t yr −1 to the oceans globally and 140 to 260 million t yr −1 to the North Atlantic Ocean. The North Atlantic estimates are close to values reported in a review by Mahowald et al. (2005) , suggesting that the North Atlantic receives about 200 million tons of dust annually, mostly from Africa. The Icelandic dust to oceans amounts to 2.8-7 % of this quantity. The dust deposition per unit area west of the Sahara is considered to be about 10 t km −2 yr −1 (Duce et al., 1991) . The corresponding average number from the data presented here is 10.4-25.7 t km −2 yr −1 on average over 370 000 km 2 sea area, equal to or substantially greater than the rates reported by Duce et al. (1991) . It is therefore evident that Icelandic dust sources rate among the globally most active sources, contributing a sizeable share of atmospheric dust to the North Atlantic Ocean and most likely the majority of dust deposits to the northern part of the North Atlantic Ocean and the Atlantic part of the Arctic Ocean (Greenland and Norwegian seas). Jickells et al. (2005) indicated that atmospheric sources of iron were on the order of 16 million tons Fe per year. The Icelandic aeolian sediments are exceptionally iron rich, which explains the high values of deposited iron to Icelandic waters. Iron deposition to oceans from Icelandic sources is on the order 0.56-1.39 million tons (Table 4) , which is a sizeable proportion of the estimate of the global total (3.5-8.7 %). However, Jickells et al. (2005) report fluvial (625-962 million t) and glacial sediments (34-211 million tons) as much larger sources for the flux of iron to the oceans, but their spread is naturally considerably more limited and closer to the outlets.
Oceanic iron deposition with dust
There is evidence that the oceans south of Iceland are Felimited during and after peak bloom, and the Irminger Basin waters have been identified as an area of low dissolved Fe (Nielsdóttir et al., 2009; Ryan-Keogh et al., 2013) . Achterberg et al. (2013) found elevated Fe levels in surface waters south of Iceland during the 2010 Eyjafjallajökull eruption, indicating that volcanic activity can raise the oceanic Fe numbers. They, however, pointed out that the potential positive effect of such nutrient pulses as provided by eruptions depended on other conditions, such as nitrogen availability, and the effects are potentially short-lived. We do, however, concur with that the numerous periodic dust plumes over the Icelandic waters can have a prolonged effect on Fe availability south of Iceland and also in other Icelandic waters. Furthermore, many of the dust storm events occur in spring in South Iceland (March-May), which further enhances possible positive growth effects during early summer.
Only part of the iron in the ash becomes available. Iron solubility has generally been calculated as 1-5 % (see Mahowald et al., 2005) , but Buck et al. (2010) reported 9 ± 5 % sea water solubility for iron in aerosol over oceans. How much of this iron becomes bioavailable is uncertain . A range of Fe bioavailability has been reported in the literature (e.g., Ayris and Delmelle, 2012b) , with 0.004-0.04 % bioavailability reported by Olgun et al. (2011;  see also Ayris and Delmelle, 2012a) . Achterberg et al. (2013) , studying the 2010 Eyjafjallajökull deposition, indicated that only 0.02 % of the Fe would become bioavailable. We made an effort to quantify bioavailable iron based on 0.02 % bioavailability, which is presented in the last column in Table 4 ; this shows that bioavailable Fe from dust sources is on the order 0.04-> 10 mg m −2 yr −1 . It should, however, be noted that Jones and Gislason (2008) showed that 7 yr Hekla ash (from the 2000 eruption) released substantially less iron than the freshly deposited ash.
The continuous river and aeolian distribution to the oceanic waters has more stable effects on the nutrient contents of the surface waters than volcanic pulses. Annually, Icelandic rivers bring, on average, about 60-70 million tons of sediments to the ocean on average (research reviewed by Gíslason, 2008) compared to 5.6-14 million tons deposited by aeolian processes. In addition to this mean annual flow, large-scale floods in relation to volcanic activity and the draining of subglacial lakes create temporary pulses of sediment release to the oceans from Iceland (and also often dust pulses). The high river inputs will result in high concentrations near the river outlets, dwarfing the aeolian inputs. However, the river-fed sediments are not as widespread as the aeolian deposition. Furthermore, dust far from the sources is relatively fine-grained material, more reactive than the coarser glaciofluvial sediments, and is more likely to affect nutrient contents, such as Fe, in much of the oceanic waters around Iceland. Iron solubility has been suggested to be higher in areas remote from desert plumes . However, the effect of particle size, i.e., the small grains being distributed over the oceans, is poorly understood (Ayris and Dalmelle, 2012b) . There are published experiments on the solubility of iron from fresh volcanic ash; less is known about the iron solubility in volcanic materials redistributed by aeolian processes, but it is likely to be less than for the fresh volcanic ash, as the readily soluble salts adsorbed onto the fresh ash particles have been washed away (e.g., Duggen et al., 2010) .
Implications and conclusions
We present the first available estimates of total dust emissions from Icelandic dust sources, which are obtained using two independent methods and which yielded 30-40 million tons of dust annually. These figures are significant in relation to global emissions and are likely to have widespread effects on atmospheric conditions in the North Atlantic Ocean and in the Arctic. This dust needs to be considered in climate models for the area and is likely to have an impact on albedos of snow, sea ice and glaciers, thus enhancing snowmelt in Iceland and possibly Greenland and Svalbard.
Our research also presents the first estimate of oceanic dust deposition of volcanic materials from Iceland. The amount is in the range of 5.5-13.8 million tons annually, which is a substantial proportion of the dust deposited in the North Atlantic Ocean and the Arctic, and a large contribution of materials to the ocean surface at northerly latitudes (e.g., > 55 • N). The 5.5-13.8 million tons of materials deposited as dust are in addition to the 60-70 million tons that are fluvial (Gíslason, 2008) , but the aeolian materials are distributed more evenly and over larger areas than the fluvial sediments. This large amount and distribution, shown in Fig. 4 , can be used for improving ocean nutrition models for the ocean waters around Iceland.
The iron content of volcanic dust materials deposited from the Icelandic dust sources is high (10 %). Therefore, the dust is expected to release relatively high concentrations of bioavailable iron. This iron release can potentially have a marked influence on the primary productivity in oceans around Iceland and needs to be considered for nutrient budgets for the area. Even though the numbers are substantially lower than the fluvial deposition of suspended materials from Iceland, the extensive spread is potentially just as important a factor. Considering the importance for ocean productivity and fisheries, we suggest that the effect of Icelandic dust plumes on primary production should be investigated in greater detail.
Icelandic glaciers are currently retreating due to climate change (Björnsson and Pálsson, 2008) . Dust emissions are likely to increase over the next decades with retreating glaciers as some of the major dust source areas (mainly Dyngjusandur, Maelifellssandur and Myrdalssandur; see Fig. 1 ) leave behind larger floodplains subjected to intense aeolian redistribution of fine sediments. It is important to increase our understanding of the aeolian nature of these major dust source areas, including loading, erosion processes, deflation, dust generation and other factors.
The amount of dust emissions calculated from the deposition map presented here includes periodic pulses from volcanic eruptions, which may result in lower emissions during average years (without eruptions); this can in part explain the difference between calculated deposition from frequency and emissions of storms compared to estimates from deposition on land. Our results provide a best estimate in a subject area where data of this nature did not exist previously but is needed for an improved understanding of oceanic biochemical cycles, productivity and atmospheric conditions.
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